Introduction
The organizers of the European Molecular Biology Organization Workshop on Genomic Imprinting chose a truly trans-kingdom selection of speakers; there was a strong representation of those working in plants and mammals, with a sprinkling of those studying flies and worms. This organismal diversity was layered further with talks on topics ranging from germ cells, genomic imprinting and dosage compensation to genome-wide screens, evolution and
Reprogramming and X-chromosome inactivation
One of the main themes threading through this workshop was that of commitment, reprogramming and pluripotency. A. Surani (Cambridge, UK) discussed the initiation of epigenetic reprogramming in the germline. The main focus was on BLIMP1, which is an important regulator of germ cells that has roles in diverse processes, including the initiation of the PGC-specification programme and exit from the pluripotent state. In this plenary address, Surani drew from several studies that illustrate the induction of cells to exit the pluripotent state and initiate the PGC-specific programme, including the role of STELLA-a mammalian maternal-effect gene that probably has a role in chromosomal organization. The BLIMP1 protein sets up chromatin signatures and influences the epigenetic reprogramming associated with X-chromosome reactivation (Chuva de Sousa et al, 2008) and imprinting, emphasizing the links among pluripotency, reprogramming and commitment that were reiterated in several other talks.
W. Reik (Cambridge, UK) talked about the epigenetic regulation of lineage commitment, drawing on the themes of imprint erasure and pluripotency. Reik presented work carried out in collaboration with M. Hemberger for the characterization of transcription factors involved in lineage commitment. Trophoblast determinants were proposed to be controlled by the levels of DNA methylation, as embryonic stem cells that are deficient in DNA methylation can differentiate into trophoblast cells, which is a process that does not normally occur. The transcription factor ELF5 was found to be methylated in embryonic stem cells but not in trophoblast stem cells and was postulated to act as a gatekeeper downstream of the initial lineage determination, either to reinforce trophoblast commitment or to leave this pathway in epiblast cells (Ng et al, 2008) .
Expanding on the theme of X reactivation and pluripotency, P. Avner (Paris, France) presented his findings on the molecular coupling of Xist regulation and pluripotency (Navarro et al, 2008) . The reactivation of the paternal X chromosome in the pluripotent inner-cell mass accompanies a loss of Xist expression, followed reviews meeting repor t by random X inactivation in the epiblast. Avner investigated the mechanism of Xist repression before differentiation under the premise of the tight correlation between Xist control and pluripotency, the main regulators of which are NANOG, OCT3/4 and SOX2. The expression of NANOG is inversely correlated with that of Xist, which makes it a potential target for coupling Xist regulation with a pluripotency factor. The association of NANOG with Xist was confirmed by ChIP studies; therefore, NANOG has been postulated to be the embryonic stem cell-specific repressor of Xist, although it clearly does not act alone. Indeed, both OCT3/4 and SOX2 also bind to the first intron of Xist in undifferentiated wild-type and NANOG-null embryonic stem cells, and together they repress Xist. Tsix is the antisense RNA of Xist and is a major repressor of Xist RNA accumulation, although it does not act in the pluripotent ICM. The loss of OCT3/4, SOX2 and NANOG in Tsix-truncated cells leads to Xist upregulation, indicating that the antisense RNA Tsix is not needed for the repression of Xist mediated by the three factors. These results support the idea that the three pluripotency factors act synergistically as embryonic stem cell-specific repressors of Xist to couple the regulation of X inactivation with pluripotency, which is in contrast to the idea that reversion of the paternal X inactivation is a consequence of global reprogramming events at this stage of development.
N. Brockdorff (Oxford, UK) also reported on his studies of X inactivation. Given the roles of the sense-RNA Xist and the antisense-RNA Tsix in promoter methylation, he investigated a possible involvement of the RNAi pathway and showed that it does not have a central function in X inactivation or its maintenance. The Xist promoter is hypomethylated in embryonic stem cells that are deficient for the essential RNAi enzyme DICER; however, this effect is likely to be a secondary consequence of reduced levels of de novo DNA methyltransferases. Furthermore, DICER-deficient XY and XX embryos show appropriate Xist expression patterns, indicating that the regulation of the Xist gene is normal (Nesterova et al, 2008) . Interestingly, these results are in contrast to other reports that have proposed a role for the RNAi pathway in X inactivation (Ogawa et al, 2008) .
Mechanisms of imprinting in plants
Plant imprinting occurs in the seed endosperm, which is the extraembryonic tissue that nurtures the developing embryo. Only a handful of imprinted genes have been identified so far and-with a single exception-it is always the maternal copy that is active in the endosperm. In plants, the transcriptional repression of the silent copy generally depends on the activity of the DNA methyltransferase MET1 or on PcG protein-dependent H3K27 trimethylation.
F. Berger (Singapore, Singapore) presented the role of the retinoblastoma-pathway protein RBR1 and its binding partner MSI1 in the establishment of imprinting in Arabidopsis. These two proteins interact in vivo and repress directly the MET1 gene at the transcriptional level ( Jullien et al, 2008) . The strong expression of RBR1 and MSI1 in the central cell causes a reduction of MET1 activity in the developing endosperm, and the demethylation of the maternal alleles of FIS2 and FWA, which are two imprinted genes of the FIS class (Fig 1) . However, it is well established that the activation of FIS2 and FWA also requires the demethylase activity of the DNA glycosylase DME (Kinoshita et al, 2004; Gehring et al, 2006; Jullien et al, 2006) , which indicates that the imprinting of at least some genes-such as FIS2-depends on the precise balance between the MET1 and DME activities over the course of endosperm growth. Interestingly, the retinoblastoma pathway is also involved in the transcriptional repression of the DNA methyltransferase DNMT1 in mammals (Kimura et al, 2003) , highlighting the probable conservation of this repression mechanism in eukaryotes.
PHE1 is another imprinted gene, the regulation of which clearly indicates that plant imprinting is far from simple. In contrast to all other imprinted genes in plants, it is the paternal allele of PHE1 that is activated in the endosperm, whereas the maternal alleles are repressed. This repression is mediated by the binding of the FIS complex to a PRE located upstream of PHE1 and by the trimethyl ation of H3K27 (Köhler et al, 2005; Makarevitch et al, 2006) . However, the activity of the FIS complex is not sufficient to mediate the repression of the maternal PHE1 allele, which led C. Köhler (Zurich, Switzerland) and her group to test the implication of DNA methyl ation for the imprinting of PHE1. They identified a distantly located DMR downstream of the PHE1 locus that is methylated in pollen (Makarevitch et al, 2008) . Notably, methyl ation of the 3' DMR by MET1 is required-although not sufficient-to keep (Fig 2) . The way in which methylation of the DMR prevents silencing of the paternal PHE1 allele is an open question, and the Köhler group proposes a looping model in which the 5' and 3' regions of the PHE1 gene interact to silence its trans cription (Fig 2A) . The complex transcriptional regulation of the PHE1 locus is reminiscent of the imprinting mechanisms that are used at the IGF2/ H19 locus in mammals (Fig 2B) . Notably, this imprinted domain is supposed to form a long-range intrachromosomal loop that is mediated by CTCF, leading to stable silencing of the maternal IGF2 allele (Murrell et al, 2004; Kurukuti et al, 2006) . Recent data also indicate that CTCF recruits PRC2 to the maternal IGF2 allele, leading to allele-specific methylation at H3K27 and suppression of the maternal IGF2 promoters (Li T et al, 2008) . If confirmed, these two examples illustrate the notable conservation of imprinting mechanisms between flowering plants and mammals. DNA methylation is a conserved epigenetic mark that has long been associated with transcriptional silencing. In 2007, the group of S. Henikoff (Seattle, WA, USA) published a genome-wide analy sis of DNA methylation in Arabidopsis using high-density tiling microarrays (Zilberman et al, 2007) , which revealed that, in addition to transposons and pseudogenes, approximately 20% of Arabidopsis genes are also methylated. Surprisingly, most of these genes are methyl ated in the gene body-genic methylation-but lack DNA methylation at their 5' and 3' ends. In a keynote lecture, S. Henikoff extended this analysis by comparing the genome-wide distribution of methylated cytosines and the histone variant H2AZ in the Arabidopsis genome. Notably, genic DNA methylation is inversely correlated with the presence of nucleosomes containing H2AZ (Zilberman et al, 2008) . Moreover, the presence of H2AZ at the 5' side of genes protects against cytosine methylation and provides a mechanism for the contribution of this histone variant to promoter competence, as previously reported (Meneghini et al, 2003) . Conversely, the exclusion of H2AZ from promoters allows DNA methylation-mediated gene silencing. In Arabidopsis, as mentioned above, DNA methylation is also associated with the imprinting of several genes in the seed endosperm. However, in contrast to most methylated genes, imprinted genes are methylated on specific DMRs that are located 5' or 3' of genes. In the cases of FWA, FIS2 and MEDEA, activation of the maternal allele is associated with demethylation of a DMR in the promoter region by DME. In root tissue, the DMR associated with FWA is methylated and lacks H2AZ (Zilberman et al, 2008) . However, in plants that are mutant for the DNA methyltransferase MET1, this pattern is reversed and the loss of FWA methylation is associated with the acquisition of a 5' H2AZ peak. Therefore, the potential involvement of H2AZ in the establishment or maintenance of imprints will certainly be a crucial question in the years to come. Henikoff also discussed a systematic search for new imprinted genes in Arabidopsis performed by M. Gehring in his laboratory using a comparative MediP-Seq analysis of the endosperm and embryo. The expected methylation profiles were obtained for known imprinted genes and more than 100 new genes that were associated with strong differential methylation were identified. These powerful genome-wide analyses will certainly rock the world of plant imprinting in the near future.
There were several exciting short talks, including one from J. Gutierrez-Marcos (Warwick, UK), who presented the characterization of new imprinted genes in maize that encode small, secreted peptides required for seed development. These genes are specifically expressed in a group of cells known as the transfer cells, which are located at the interface between the maternal tissues and the developing embryo and endosperm. Transfer cells are important in controlling the nutrient flow to the developing embryo. Remarkably, these genes are exclusively expressed from the maternal allele; therefore, this work provides another example of convergent evolution between flowering plants and placental mammals with respect to the implication of gene imprinting in the control of the allocation of resources to the developing embryo.
Imprinting and methylation in mammals
A. Ferguson-Smith (Cambridge, UK) discussed the maternalzygotic effect gene ZFP57, which has a role in maintaining maternal and paternal imprints . ZFP57 belongs to a family of transcriptional repressors that act by recruiting repressive The retinoblastoma pathway represses the expression of MET1 during female gametogenesis when three consecutive nuclear divisions take place. As a result, hemimethylated DNA is produced and silencing DNA methylation marks (red lollipop symbols) are gradually lost. In the endosperm precursor, the DNA glycosylase DEMETER removes the residual marks on imprinted genes such as FIS2 and FWA, resulting in their transcriptional activation. The active status is conserved on the maternal allele during endosperm development. During male gametogenesis, MET1 is expressed, and maintains the repression on the FIS2 and FWA paternal allele. The paternal copy remains silent during endosperm development. This figure was kindly provided by F. Berger. FIS2, fertilization-independent seed 2; FWA, homeodomain-containing transcription factor that controls flowering; m, maternal; MET1, cytosine DNA methyltransferase 1; MSI1, multicopy suppressor of IRA1; p, paternal; RBR1, retinoblastoma-related 1.
reviews meeting repor t chromatin complexes. The deletion of ZFP57 in the zygote leads to partial neonatal lethality. Interestingly, this effect is exacerbated when both the zygotic and the maternal ZFP57 are lost, resulting in a highly penetrant embryonic lethality and defining ZFP57 as an essential maternal-zygotic effect gene. Studies using maternalzygotic and maternal-only Zfp57 mutants showed that germline methylation is not maintained at many imprinted loci in the mouse genome. ZFP57 was also shown to bind directly to the DMR of the SNRPN gene in ChIP studies, implying that it recognizes specific sequences at the DMR and has a role in maintaining DNA methylation throughout development. Ferguson-Smith proposed that ZFP57 specifically targets DNA methylation mechanisms at imprinted loci and distinguishes them from non-imprinted loci, which is an essential component of resistance to global epi genetic reprogramming in the developing embryo. It will be interesting to consider these findings in conjunction with recent reports indicating that zygotic mutations of ZFP57 in humans affect some imprinted genes and are involved in transient neonatal diabetes (Mackay et al, 2008; Hirasawa & Feil, 2008) . A short talk from D. Bourc'his (Paris, France) focused on epigenetic cooperation in DNA methylation in the mammalian germline.
Genomes need to be protected from propagating mobile genetic elements, and Bourc'his discussed a class of piRNAs and PIWI proteins that are implicated in transposon control. Two PIWI members, MILI and MIWI2, are co-expressed in fetal male germ cells at the time of silencing of mobile genetic elements. DNMT3l mutants do not correctly methylate their transposons, thereby leading to uncontrolled transposon expression-including that of LTR and LINE retrotransposons-and failure of spermatogenesis (Bourc'his & Bestor 2004) . Interestingly, the phenotype of the two PIWI mutants is notably similar, and Bourc'his proposed that PIWIpiRNA complexes might be sequence-specific guides that direct DNA methylation to transposons (Aravin et al, 2008) . DNMT3l-mutant testes produce piRNAs, and RNA sequencing showed that the fraction of LTR and LINE retro transposon piRNAs is overrepresented compared with wild-type testes. IAP-derived piRNAs showed the largest increase, mostly due to an accumulation of the sense population of piRNAs in DNMT3l-mutant testes. The ratio of primary to secondary IAP piRNAs was also increased, supporting the idea that messenger RNAs from IAP elements are a source of primary piRNAs in DNMT3l mutants, potentially during germ-cell development. These observations indicate that the piRNA pathway The binding of CTCF on the unmethylated ICR of the maternal allele triggers the formation of a CTCF-PRC2 repressive complex that could mediate the formation of an intrachromosomal loop. The CTCF-PRC2 complex then silences IGF2 through methylation of H3K27 around the IGF2 promoters. In males, CTCF cannot bind to the methylated ICR (lollipop symbol). Adapted with permission from Li T et al (2008) © American Society for Microbiology. CTCF, CCCTC-binding factor; DMR1, differentially methylated region 1; FIS, fertilization-independent seed; H3K27, lysine 27 of histone H3; ICR, imprinting control region; IGF2, insulin-like growth factor 2; PHE1, PHERES1; PRC2, polycomb repressor complex 2. reviews meeting repor t is upstream of Dnmt3l and aids the establishment of DNA methylation on repeat elements acting through a 'ping-pong' cycle, as has been proposed in Drosophila Brennecke et al, 2007) . This is an impressive starting point to understand the synergistic action of DNMT3l, chromatin-remodelling proteins, histone modifications and the piRNA pathway that combine to induce the de novo methylation and repression of transposable elements in the male germline in mammals.
Chromosome imprinting in invertebrates
Although a large part of the workshop was devoted to the similarities and differences between imprinting in plants and mammals (Feil & Berger, 2007) , invertebrate models were also represented. During male or hermaphrodite spermatogenesis in the nematode Caenorhabditis elegans, the X chromosome is subject to meiotic sex-chromosome inactivation and forms a condensed X body. In the zygote, the paternally-transmitted X chromosome is imprinted and therefore is the only chromosome that lacks the H3K4me2 histone mark (Bean et al, 2004) . In contrast to oogenesis-during which the X chromosomes are reactivated after meiosis and are not imprintedthe X chromosome in male and hermaphrodite spermato genesis remains silent. Does the differential transcriptional history of the X chromosome have a role in the establishment of the imprint? W. Kelly (Atlanta, GA, USA) addressed this question by showing that repressed autosomal transgenes exhibit imprints, whereas active transgenes that are passing through male spermatogenesis do not. This observation implies that the sperm is able to retain epigenetic memory of the transcriptional history in the germline. This is a fascinating property, considering the extensive remodelling of paternal chromatin that takes place immediately after fertilization. Indeed, in many species, histones are replaced with protamines during the condensation of spermatid nuclei. In Drosophila, the removal of protamines at fertilization is followed by the de novo assembly of nucleosomes that contain the H3.3 histone variant on paternal DNA (Bonnefoy et al, 2007) . In C. elegans, although H3.3 is also deposited on paternal chromatin after fertilization, at least a fraction of the sperm chromatin is packaged with histones, including H3.3 (Ooi et al, 2006) . Therefore, this nucleosomal fraction of sperm chromatin is expected to have an important role in the transmission of epi genetic states. Interestingly, it has been reported that mouse ICRs are associated with specific histone modifications during spermatogenesis, before the global histone-protamine replacement takes place. This opens the possibility that preserving the nucleosomal organization at these regions in the male gamete could participate in the trans mission of the imprints to the zygote (Delaval et al, 2007) . Our comprehension of the intimate organization of sperm chromatin should certainly benefit the understanding of genomic imprinting in both invertebrates and vertebrates.
Histone post-translational modifications are also at the heart of the spectacular chromosome-imprinting mechanisms that control the elimination of paternal chromosomes during the development of sciarid flies. During the development of the germline, chromosomes are distinguished by different H4 acetylation marks depending on their parental origin (Goday & Ruiz, 2002) . At the workshop, C. Goday (Madrid, Spain) focused on the possible role of H3 methylationessentially H3K4me2/3-in the imprinting mechanism. Interestingly, H3K4 methylation specifically marks maternal chromosomes during the early phase of germ-cell development, when a paternal X chromosome is eliminated. However, during male meiosis I, the mark is found only on the set of paternal chromosomes undergoing elimination (Greciano & Goday, 2006) . This work therefore opens the fascinating possibility that H3K4 methylation could have a causal role in marking chromosomes for elimination. In addition, it is interesting to note that the dimethylation of H3K4 underlies the chromosome-imprinting mechanisms found in both C. elegans and Sciara.
The range of topics covered at this workshop illustrated the current breadth of the extended field, which encompasses individual gene analysis and post-genomic approaches. Together, these approaches allow us to tackle questions that are aimed at understanding the processes involved in differentiation and development across kingdoms. It is likely that many of the researchers that met in Singapore will reconvene again this year, as FergusonSmith announced an upcoming meeting entitled 'From imprinting to the epigenome in 25 years', which is intended to highlight recent progress in the field, and will take place between 4 and 6 September 2009 at King's College and Peterhouse, University of Cambridge, UK. On the social side, the workshop participants were treated to an early morning (if rather moist) experience in the last piece of Singapore primary rainforest, which will certainly remain imprinted in the mind of the lucky participants.
